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PRESSURANT REQUIREMENTS FOR DISCHARGE OF LIQUID METHANE FROM A
1. 52-METER- (5-FT-) DIAMETER SPHERICAL TANK UNDER
BOTH STATIC AND SLOSH CONDITIONS
by Richard L. DeWitt and Thomas 0. Mclntire

Lewis Research Center

SUMMARY

Pressurized expulsion tests were conducted to determine the effect of various phys-
ical parameters on the pressurant gas requirements during the expulsion of liquid meth-
ane (LCH4) from a 1.52-meter- (5-ft-) diameter spherical tank. Methane, helium, hy-
drogen, and nitrogen were used as pressurant gases. The necessary quantities of these
gases to expel 90 percent of the LCH 4 propellant Ezere studied as a function of expulsion
time at a nominal operating pressure of 34.47%x10" newtons per square meter (50 psia)
using nominal inlet gas temperatures of 222 and 333 K (400° and 600° R). Also studied
were the effects on methane, helium, and hydrogen pressurant requirements of various
slosh excitation frequencies and amplitudes, both with and without slosh suppressing baf-
fles in the tank. The experimental results for the static tank (nonslosh) expulsions were
compared with results predicted by a previously developed analytical program,

The experimental results when using gaseous methane, helium, and hydrogen show
that the predictions of the analytical program agreed well with the actual pressurant re-
quirements for static tank expulsions. The analytical program could not be used for gas-
eous nitrogen expulsions because of the large quantities of nitrogen which can dissolve in
liquid methane,

Unbaffled tank sloshing caused an increase in the amount of gaseous methane needed
for expulsion. A slight decrease in requirements was encountered using gaseous helium
and hydrogen because of LCH 4 propellant evaporation,

The addition of slosh suppressing baffles resulted in a further increase in the amount
of gaseous methane pressurant. The quantities of noncondensible helium fell between the
static tank and the unbaffled slosh expulsion requirements.



INTRODUCTION

During the past several years, a great deal of effort has been devoted to the prob-
lems associated with the pressurized discharge of a cryogenic liquid from a tank. The
main objectives of these efforts have been toward optimization of a propellant tank pres-
surization system. One phase of this optimization is a precise determination of pres-
surant requirements for any given set of operating parameters (e.g., tank pressure,
type and temperature of pressurant gas, liquid outflow rate, static tank or slosh condi-
tions, etc.). This knowledge would allow the design of a pressurization gas storage sys-
tem that carried only the weight of gas necessary to accomplish the mission.

Several investigators have developed analyses (e.g., refs. 1and 2) which attempt to
predict the pressurant gas requirements during the pressurized discharge of a cryogenic
fluid from a static tank. These analyses, however, are either burdened with simplifying
assumptions or involve parameters and terms about which little is generally known ''a
priori.'" Because of these limitations the validity of the analytical results has to be ver -
ified largely by correlations of experimental results. The dependence on experimental
results becomes even greater when pressurant gas requirement predictions are consid-
ered for tank expulsions under liquid slosh conditions. No analytical effort was found in
the literature to even generally predict pressurant requirements for this case,

Previous investigators at Lewis Research Center (refs. 3 to 7) have studied pres-
surant requirement predictions for expulsion of liquid hydrogen from static tanks of vary-
ing size and shape. The analysis of reference 1 was revised and extended (see appen-
dixes A, B, and C in ref. 4) to serve as a correlating tool for the experimental data.

Considerable effort has recently been devoted to studying the future use of liquid
methane (LCH 4) in land, air, and space vehicle applications because of its high density
and handling characteristics. However, it was not known if the results of the previous
liquid hydrogen expulsion investigations could be used for the case of gaseous methane
(GCH,) pressurant requirement predictions. Further, no data at all has been published
with regard to pressurant requirement magnitudes and trends as functions of slosh fre-
quencies and amplitudes imposed on the test tanks.

Therefore, an investigation was conducted at Lewis Research Center to experimen-
tally determine the effect of various physical parameters on the pressurant gas require-
ments during the expulsion of LCH 4 from a 1.52-meter - (5-ft-) diameter spherical alu-
minum tank, The primary objective of these tests was to obtain experimental results
(pressurant mass requirements as well as heat and mass transfer data) for static tank
expulsions and correlate them with the analysis detailed in reference 4. Both complete
and partial tank expulsions were conducted toward accomplishment of this objective.

The second objective of the program was to obtain experimental data for expulsions under
liquid slosh conditions and analyze these to determine the major reasons for the mag-
nitudes and trends of the results. All tests were performed at a nominal tank pressure
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of 34.4’7><104 newtons per square meter (50 psia). A diffusing-type pressurant gas injec-
tor was used for all tests. Four different pressurant gases were used during these tank
expulsion studies. The main test variables were as follows:

Variable Range

Static tank expulsion

Pressurant gas CH4, He, Hy, and N,
Inlet gas temperature, K (°R) 222 and 333 (400 and 600)
Liquid outflow rates, kg/sec (Ib/sec) 1.01to 2.93 (2.22 to 6.46)
Initial ullage (complete expulsions), percent 5

Initial ullage (partial expulsions), percent 5 or 50

Sloshing tank expulsion

Pressurant gas CH4, He, and H2
Inlet gas temperature, K (°R) 222 and 333 (400 and 600)
Liquid outflow rates, kg/sec (lb/sec) 0.99 to 3.01 (2. 170 to 6.630)
Initial ullage (complete expulsions), percent 5
Internal tank hardware { bare

three concentric ring baffles

0.716 Hz (constant)
losh itation £ {

Slosh excitation frequency Natural throughout expulsion
Slosh excitation amplitude, cm (in,) 0.0 to £2, 23 (0.0 to +0. 88)

SYMBOLS
A, constant in Benedict-Webb-Rubin equation, (atm)(mﬁ)/[(kg)(mole)]z; (1b)(ft4)/
[ (Ib) (mole) ]2
a  constant in Benedict-Webb-Rubin equation, (atm)(mg)/[(kg)(mole)]s; (1b)(ft7)/
[(Ib) (mole)]®

B constant in Benedict-Webb-Rubin equation, m3/ (kg)(mole); ft3/ (Ib)(mole)

b  constant in Benedict-Webb-Rubin equation, me/ [(kg)(mole)]2 ; ft6/ [(lb)(mole)]2
C orifice coefficient
C

constant in Benedict-Webb-Rubin equation, (atm)(Kz)(mG) /] (kg)(mole) ]2;
(1b)CR?)(1t*)/[(b)(mole) |2

¢ constant in Benedict-Webb-Rubin equation, (atm)(Kz)(mg)/[(kg)(mole)]3;
()R (") /[(1b)(mole) |3

c. specific heat at constant pressure, J/(kg)(K); Btu/(Ib)(°R)
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N

R

specific heat at constant volume, J/(kg)(K); Btu/ (ib)(°R)
orifice diameter, m; ft

molecular fraction

gravity acceleration, m/secz; ft/sec2
specific enthalpy, J/kg; Btu/lb
mass, kg; 1b

mass flow rate, kg/sec; Ib/sec
differential mass, kg; 1b
molecular weight

number of volume segments

2 or lb/ft2

differential pressure, N/m2; Ib/in. 2 or 1b/ft2

pressure, N/m2 or atm; Ib/in.

orifice AP, N/m?2; Ib/in. 2

heat transfer, J; Btu

heat transfer rate, J/sec; Btu/sec

gas constant, (atm)(m3)/(kg)(mole)(K); (psfa)(ft3)/(lb)(mole)(°R)
temperature, K; O°R

time, sec

time increment, sec

internal energy, J; Btu

differential energy, J; Btu

volume, m3; t3

volume increment, m3; £t3
velocity, m/sec; ft/sec
specific volume, m3/kg; ft3/lb
work, J; Btu

percent of gas by weight
expansion factor

elevation, m; ft

constant in Benedict-Webb-Rubin equation, m9/ [(kg)(mole)]3; £t? / [(lb)(mole)]3




constant in Benedict-Webb-Rubin equation, m6/[(kg)(mole)]2; ft‘s/[(lb)(mole)]2

s in volume segment, (kg)(mole)/m'?’; (1bm)(m01e)/ft3

Y

] finite increment

m specific internal energy, J/kg; Btu/lb
p density, kg/m3; Ib/ft3
5] effective density of gas
Subscripts:

BL bulk liquid

cond condensed

D dissolved gas

e expulsion period

f final state or condition
G gas added to tank
GCH4 gaseous methane

h hold period

i initial state or condition
L liquid

n summing index

P analytical prediction

r ramp period

SG saturated gas

SL saturated liquid

T total quantity

t transferred

U ullage

w wall

X experimental

1 component designation



APPARATUS AND INSTRUMENTATION
Facility

All tests were conducted inside a 7. 61-meter - (25-ft-) diameter spherical vacuum
chamber (fig. 1) to reduce the external heat leak into the propellant tank to a low value.
The vacuum capability of this chamber was approximately 8><10"7 torr. A general sche-
matic of the test tank and associated equipment is shown in figure 2. A heat exchanger
and blend valve subsystem capable of delivering pressurant gas at temperatures of 167 to
405K (301° to 729° R) were used to control pressurant gas inlet temperature. The
three-way bleed valve, immediately upstream of the test tank, was used prior to an ex-
pulsion to temperature condition the pressurizing gas and lines without contaminating the
tank ullage. The LCH 4 outflow rate was controlled by remotely operated variable flow
valves. The propellant outflow from the tank was returned to a storage Dewar. A ramp
generator and control valve were used for controlling the initial rate of pressurization of
the propellant tank. A closed loop pressurant gas flow control circuit was used to main-
tain constant tank pressure during the expulsion period.

Tank sloshing was accomplished using a hydraulically operated shaker controlled by
a function generator which specified amplitude and frequency. The shaker was of suffi-
cient size that the motion was independent of the tank and its contained propellant.

Liquid methane outflow rates were measured using a turbine-type flowmeter located

mmph—

Figure 1. -7.61-Meter- (25-ft-) diameter vacuum chamber.
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in the transfer line. The flowmeter was calibrated with water and the calibration pro-
jected for LCH4. Pressurant gas inlet flow rates were determined by the use of an or-
ifice located in the pressurant supply line. Tank, line, and differential pressures were
measured with bonded strain-gage -type transducers.

Test Tank

The experimental work was conducted using a 1.52-meter- (5-ft-) diameter spher -
ical aluminum tank. Figure 3 is a photograph of the test tank installed inside the vacuum
chamber; and figure 4 is a closeup view of the same installation. The tank wall had an
average thickness of 0.762 centimeter (0.30 in.). The lid housed the pressurant inlet
and vent pipes and the electrical connections for all internal tank instrumentation. The
lid, made of stainless steel, was 0.457 meter (18 in.) in diameter and 3. 18 centimeters
(1.25 in.) thick. The inner surface of the lid conformed to the contour of the tank and
was covered with a 0. 63 centimeter (0. 25 in.) thick layer of cork to reduce absorption

e

I package
& s upport rails

Flexure support |

plates for slosh runs Tank vent line j§

Television camera

4 Tank support cradle

e o

diam

- . 4 P68-0231

Figure 3. - 1.52-Meter- (5-ft-) diameter tank installed in vacuum chamber.




Instrumentation cables

.
bleed line—
Flexure support plates
for slosh runs

Tank vent line §&

'i; S
/

/,

Television cameras i

Tank support cradle

Figure 4. - Closeup of installed 1. 52-meter- (5-ft-) diameter tank.

of heat from the pressurant gas in the ullage.

A view port and television camera were installed on the tank to allow observation of
any physical processes occurring in the tank. Lighting of the tank interior was accom-
plished using 250-watt light bulbs mounted on the inner surface of the tank wall. Because
of a fogging problem, as well as extraneous heating of the ullage and the liquid propel-
lant, visual observation was limited to only short periods during the expulsion tests.

For a selected group of expulsion tests, slosh suppressing baffles were mounted in-
side the test tank. Of the three concentric ring baffles, the center one was located in the
horizontal plane marking the middle of the tank; the upper and lower baffles were located
21.51 centimeters (8.47 in.) above and below the middle baffle.

The test tank was suspended, at its horizontal midpoint, by four flexure plates at-
tached to the twin support rails of the environmental chamber. During slosh runs, the
hydraulically operated shaker moved the test tank along a horizontal centerline directed
from the front of the chamber to the back. Slosh input amplitudes were such that vertical
movement of the tank during a slosh cycle was considered negligible.




Pressurant Gas Injector Geometry

A hemisphere injector (fig. 5) was used for all tests reported herein. This partic-
ular geometry was selected because it injects the pressurant uniformly in all directions
into the ullage volume. This flow pattern minimizes ullage gas mixing and reduces heat
transfer to the surface of the liquid propellant. The use of this injector was also encour -
aged by the favorable comparisons obtained between analytical predictions and exper -
imental results during outflow testing conducted using liquid hydrogen (refs. 3 to 7).

-=e Denotes pressurant gas flow paths

Pressurant gas

V ] \
7.6 (3.0
60-Mesh
wire cloth7 — 3.8(L.5)
?O (6] ,’. \:‘ ¢ S
i
a O __..: \ "
o -2 T
‘. \ "
9 O™ ~ \\
(@] a o~
o gllg.~ \
I 2.3 8.0 1 CD-11614-27

Figure 5. - Injector geometry for hemisphere injector, Open area, 176, 8 square
centimeters {27. 4in. €}, (All dimensions are in cm {(in. ).

Test Tank Instrumentation

Ullage gas temperatures, together with gas concentration measurements, were used
to determine the mass and energy content of the tank ullage. Temperatures were meas-
ured with thermopiles and with platinum resistance sensors. Internal tank instrumenta-
tion is illustrated in figure 6.

A typical three-element thermopile unit and its associated wiring schematic are il-
lustrated in figure 7(a). The thermopile units were constructed of 0. 202 millimeter
(0.008 in.) Chromel constantan wire. Vertical ullage gas temperature profiles were ob-
tained by stacking the individual thermopile units as shown in figure 7(b). The support
structure was made of thin perforated stainless steel to minimize heat conduction between
thermopile stations as well as to minimize the total heat capacity of the rake. The spac-

10
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B PFiatinum resistor, liquid only
— Thermopiies Control valve for
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To ullage gas analyzer

View port - l“ |-H — Injector

Paa
g Approximate liquid
Wall sensor 7 E;g g e
(typical) ——— level (Inltial)
£ lnterface 4 R

rake

Gas sampling tubes-L

Al

21,51 (8 an
' J <
21,51 (8 47) < Partlal expulsion
tests only i,
,l L
Liquid slosh ] X
suppressing baffles 3%
/ Approximate liquid
Temperature and /.’ level (final)
liquid level location rakes —
X CD-11615-27
(o] Flowmeter
L

Figure 6. - Test tank instrumentation. (All dimensions are in c¢m (in.).)

ing between the reference and measuring levels for the top 30 thermopile units of the ver -
tical rake was 3. 8 centimeters (1.5 in.). The three units at the bottom of the rake had a
spacing of 2.5 centimeters (1.0 in.). The purpose of the closer spacing was to obtain a
better definition of ullage gas temperature near the interface at the end of expulsion.

Platinum resistance sensors, which were located at least every eighth station start-
ing from the bottom of the rake, sensed the absolute temperature at their location and
provided a reference for the thermopile above the location.

The horizontal instrumentation was composed solely of platinum resistance sensors
spaced a maximum distance of 12. 70 centimeters (5.00 in.) apart in a radial direction.
Two platinum resistance sensors were used at most locations to measure liquid and/or
gas temperatures for the ranges 105.6 to 133.3 K (190° to 240° R) and 39 to 278 K (70°
to 500° R). These dual sensors permitted more accurate measurement of liquid and gas
temperatures than could be achieved with one sensor covering the entire range. When
ullage gas temperatures were higher than the upper limit of the 39 to 278 K (700 to

11
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500° R) range, the range was extended by using a data channel of greater millivolt ca-
pacity. This ''span selection'' capability of the platinum resistance sensors also allowed
close temperature measurements to be made in the liquid. This capability was needed
inasmuch as a small error could influence the energy balance because of the high heat
capacity of the liquid methane propellant. Figure 8 is a photograph of the vertical and
horizpntal temperature sensor rakes installed inside the test tank.

The initial static temperature proiile near the liquid surface was determined by a
fixed interface rake located either at the 5 or 50 percent level, depending on the type of
run. This rake contained nine platinum resistance sensors spaced 0. 76 centimeter
(0.3 in,) apart. The normal range of these sensors was 105.6 to 133.3 K (190° to
240° R) over a 10-millivolt span. An accompanying set of liquid level sensors was used
to verify that the initial propellant level was within range of the interface temperature
rake., The final level of the propellant, at the end of expulsion, was also determined us-
ing a set of fixed hot wire level sensors.

Platinum resistance sensors were also used to determine tank wall temperatures at
14 locations and the liquid methane temperature at the flowmeter. In addition, there
were two copper -constantan thermocouples on the neck of the tank and three on the tank
lid.

Inlet pressurant gas temperatures were measured by a copper -constantan thermo-
couple mounted in the gas diffuser pipe at a location inside the tank.

All measurements were recorded on a high-speed digital system at a rate of 3125

Wi Tank access ladder :
(not present during expulsions) =S

»

Vertical instrumentation rake

Antivortex baffle S

Figure 8. - Major internal tank instrumentation rakes.

13



channels per second. Each channel was sampled every 0,064 second,

Concentrations

The concentration of ullage gas at five positions in the tank (fig. 6) was obtained by a
gas sampling and analyzer system. A general schematic of this system is shown in fig-
ure 9. The sampling tubes had 0. 157-centimeter (0. 062-in.) outside diameters with a
wall thickness of 0.030 centimeter (0.012 in.). To prevent liquid from entering the sam-
pling tubes, a small helium gas purge was maintained in the tubes that were initially sub-
merged in the liquid methane.

The operation of a typical sampling tube was as follows: After liquid passed the en-
trance of the sampling tube (during expulsion), the helium purge was stopped. The tank
pressure then forced the gas sample through the tube to a flow regulator which main-
tained a flow of 500 cubic centimeters per minute into the thermal analyzer. The an-
alyzer then compared the thermal conductivity of the ullage gas sample with that of
100 percent pure pressurant gas (also entering the analyzer at 500 cu cm/min). The out-
put of the analyzer was continuously recorded on a direct reading oscillograph. The
ullage gas concentration was then obtained by comparing the analyzer output with the out-
put previously obtained when using known sample concentrations,

An attempt was made to determine the concentration of pressurant gas which dis-
solved into the liquid methane propellant. A general schematic of this system, which
had a capacity of five discrete samples, is also shown in figure 9. The operation of
taking a liquid sample was as follows: At some preselected time after the beginning of
expulsion, the solenoid valve in a given sample line would be opened for approximately
2 seconds admitting some of the contaminated liquid methane into an electrically heated
evaporating chamber, After pressure in the chamber had risen, indicating some sample
vaporization, part of the gas was permitted to pass into an evacuated sample bottle. The
remaining gas was then vented from the evaporation chamber. Samples were taken
throughout the course of the test program. However, because of valve leakage and frac-
tionation of the vaporized liquid, analysis of the sample bottles gave only a rough qual-
itative measure of liquid contamination. Since the data obtained were not usable for de-
tailed analysis of dissolved pressurant, they will not be discussed further.
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PROCEDURE

The spherical test tank was filled from the bottom to approximately a 2 percent
ullage condition. It was then topped off as necessary while the tank lid and peripheral
support hardware reached steady-state temperatures.

Temperature conditioning of the pressurant inlet line was then started. Gas flow
was established through the heat exchanger loop, through the control valves and orifice
arrangement, and then up to the three-way bleed valve at the test tank inlet from where
it was vented to the outside as shown in figure 2. The temperature control circuit shown
in figure 2 was used to get the desired pressurant gas temperature level during the flow
period. When the gas temperature conditioning was almost complete, the liquid level in
the test tank was adjusted to a desired value (=5 percent ullage) by either topping or slow
draining. The hot wire liquid level sensors were used to check the propellant level., The
pressurant gas flow was then stopped, and the test tank was vented in preparation for an
éxpulsion run. The automatic controllers and timers were preset with all the desired
run and operating conditions (i.e., tank pressure level, length of ramp period, length of
hold period, liquid outflow valve position, start time of the data recording equipment,
slosh amplitude and frequency, etc.).

After starting the data recording equipment, the next step of the automatic run se-
quence was to take electrical calibrations on all pressure transducers. Immediately fol-
lowing this, the test tank was pressurized over a predetermined time period to the nom-
inal operating pressure of 34.47><104 newtons per square meter (50 psia). Tank pressure
was held constant for almost 25 seconds to stabilize internal temperatures. The tank ex-
pulsion period was then started. If the expulsion was to be made under slosh conditions,
tank motion was initiated concurrent with the beginning of propellant outflow. During the
expulsion, the pressurant gas temperature could be controlled either manually or by the
closed loop automatic temperature control circuit. When the desired final propellant
level in the tank had been reached, the expulsion was terminated. Hot wire liquid level
sensors were used to determine this point in the expulsion period. The automatic se-
quencer then stopped the data recording equipment. The tank was vented and refilled in
preparation for another test.

A set of partial tank expulsions was made during which only half the liquid propellant
in the tank was expelled. The first set of these runs dealt with expulsion of only the
upper half of the tank contents. The only difference between these runs and full tank ex-
pulsions was that propellant outflow was stopped at the 50 percent ullage level. For the
second set of runs, starting at 50 percent ullage and expelling the tank until only 5 per-
cent of the methane remained, a slightly different procedure was used. The tank was
filled to approximately the 5 percent level while a small backpressure was maintained
over the liquid. The methane was then drained, by self-pressurization, to the 50 percent
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ullage level in about 5 minutes. The tank was vented and the automatic run sequence was
started. Because no pressurant was added during this draining period, the procedure
ensured a 100 percent methane ullage and uniformity of wall temperatures from run to
run,

DATA REDUCTION
Physical Description of Problem

An initially vented tank containing two-phase methane was ramp pressurized from
1 atmosphere to a new pressure by adding either GCH 4> gaseous helium (GHe), gaseous
hydrogen (GHZ)’ or gaseous nitrogen (GNZ)‘ The system was then allowed a short time
(approximately 25 sec) to equilibrate after which liquid outflow was started. During the
expulsion period, pressurant gas (at almost constant temperature) was added to the tank
at a rate that maintained a constant tank pressure while expelling the liquid at a desired
rate, The amount of pressurant gas required during the expulsion (or pressure
ramp) is dependent on (1) the type of pressurant, (2) the volume and outflow rate of liquid
displaced, (3) the heat transfer to the wall and liquid, (4) the amount of mass condensed
or evaporated, (5) the presence or absence of tank movement (i. e., sloshing), and (6) the
amplitude and frequency of slosh.

Mass Balance

A mass balance was performed on the ullage volume from an initial time ti toa
final time tf as follows:

M =M

u,f =~ My,i * Mg -1 * Mg i1 (1)
A discussion of how the terms of equation (1) were determined appears in the next
three sections.
Pressurant gas added MG j—f- - The weight of the actual pressurant gas added from
b

any initial time t, toany final time t; was determined by numerical integration of the
gas orifice equation

¢ _
f
- 2 *
Mg i~ _/t YDC yp AP™ dt (2)

i

17



Ullage mass. - The initial ullage mass MU i and final ullage mass MU § were ob-
tained by numerical integration of the particular’density profiles as follows: ’

N; Nj
My ; = pdved oy Vo4 bacm,Va P = IT,P) (3)
v n=1 n=1
U,i
Ng N
My ;= pdVe D py V4 boen,Vn P = 1T, F) (4)
U,f

The internal tank volume was considered as 36 horizontal disk segments (corre-
sponding to thermopile and other sensor locations). Each of these segments was in turn
divided radially into a series of concentric rings, the number of which depended on the
location of the radial temperature sensors and the vertical position of the disk segment
being considered. These rings (202 in all) and the thin disks which were used near the
starting interface comprised the Vn's in the previous calculations. In this manner,
vertical temperature as well as radial temperature gradients could be incorporated into
the mass calculations, The position of the liquid level prior to and after expulsion deter-
mined the number of gas volume rings (Ni and Nf) used in the ullage mass calculations.

In the case of a two-component ullage, the density is a function of mixture concen-
tration as well as temperature. Using concentration data obtained from the ullage gas
sampling tubes, the molecular fraction of each gas was computed. These fractions were
then used to obtain a set of weighted coefficients for the Benedict -Webb -Rubin (BWR)
equation of state. The BWR equation, which is

-3 -2
C c -y
P = RTpy +<BORT -A - _'59.)5,%+ (bRT - a)[)sT + aap‘g + _%_I‘ <1 + y’ﬁ%)e PT (5)
T

was used to calculate the total molecular density 5,1, for each volume segment. This
molecular density was converted to a mass density by the equation

pr = (Fymy + Foen,™aen, Pr (6)

The densities of each pure component in each volume segment were then determined
by
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PacH, = Focu,™cecH,PT (8)
4 4 4
These densities were used in the ullage mass equations (3) and (4).
Mass transfer. - The mass transfer was calculated from equation (1) as a result of
knowing MU,i’ MU,f’ and MG,i-—f; that is,

M jot =My §+ Mg jf - My ¢ ®

If Mt {~f Wasa positive quantity, mass was considered leaving the ullage volume
(i.e. ,’ condensation and/or solution).

Energy Balance

For the thermodynamic system consisting of the entire tank and its contents (tank +
ullage gas + liquid), the first law of thermodynamics for an increment of time At may
be written as

V2 v2
dUy = (GMG) rGPagvg + ?g— +2g)- (6ML) pp, + Prvp, + 2_g- +zp |+ R - W (10)

The kinetic and potential energy terms are small in comparison with the other energy
terms and are neglected in this development. If h = j + Pv is substituted, equation (10)
becomes

dUy = (8Mghg - (8Mp )by + 6Q - W (11)

For this system, there is no external work done so 6W =0 and the final form of
equation (10), therefore, becomes

dU,, = (8Mg)hg - (8Mp)hp + 6Q (12)

Equation (12) can be integrated over any time period. The physical interpretation of the
quantities in equation (12) is as follows:
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Us t t t
4 dUp = [ Mghg dt - /t M hy dt + A Qadt (13)
ot A — i g y i
Change in Energy input Energy leav-  Energy from
system en- by pressurant ing through environment
ergy (tank+ gas inflow liquid outflow (heat leak from
gas +liquid) conduction, con-
vection, and
radiation)
A discussion of how the terms of equation (13) were evaluated follows.
Energy input by pressurant gas inflow. - The first term in equation (13) may be
evaluated as follows:
te
n=(tf-t.)/At
1
n=1

The pressurant flow rate MG was determined from equation (2). The specific enthalpy
of the inlet gas was evaluated at the inlet temperature and pressure at each time incre-
ment At,

Energy leaving by liquid outflow. - The energy of the liquid that leaves the system
can be evaluated as follows:

te

Mphy dt = Z M, by, p At (15)
n=1

Y

The liquid flow rate ML was determined from the turbine flowmeter, The specific
enthalpy of the liquid was evaluated at the outlet temperature. The reference statepoint
for liquid enthalpy was chosen so that the previous summation would be small when the
outlet temperature equalled the original liquid temperature. This was done to eliminate
the problem of using the difference of large numbers.

Energy input from environment. - The rate of energy input into the tank from the en-
vironment was assumed to be the same for all cases and was determined from a boiloff
test. This test indicated a nominal value of 0. 685><103 joules per second (0. 65 Btu/sec)
should be used. This value included heat input by radiation, convection, and conduction
through pipes and supports. Therefore
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t
f.
/ Qat = 0.685%10° (t; - t,) (16)
4
Change in system energy. - The change in system energy can be separated into three

categories: (1) change in ullage energy, (2) change in liquid energy, and (3) change in
wall energy. Stated mathematically,

Uy = dUy +dUp +dU_ (17

T

Change in ullage energy. - The change in ullage energy over any given time interval
ti -'tf is obtained by subtracting the internal energy at time ti from the internal energy
at time tf; that is,

UUf
dUU = AUU = <UU)t - <UU>t (18)
Uy
Making use of the relation p =h - Pv gives
_ P P
Uy =) pyy [0 - 2 )avy - oy (h - 2 )avy, (19)
\Z Py V. Py

i

The ullage gas density was determined using equations (5) and (6). The enthalpy values
for equation (19), in the case of a two-component ullage, were determined by summing
the products of the weight fraction of each pure component and its specific enthalpy at the
temperature and pressure conditions existing in the particular volume segment being
considered.

Change in liquid energy. - The change in energy of the liquid in the tank can be de-
termined in a manner similar to the change in ullage energy; that is,

U
L¢

) o

t; i

U
Ly
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or

UL,
] P P
dup = ) pp [by, - YAV - > pp [0y - 2 )av (21)
V PL v PL,
U f i
i

The liquid density and enthalpy are functions of pressure and temperature, However, in
some of the expulsions, mass transfer contaminated the liquid with nonmethane pres-
surant. Since the integrating routines assume the liquid to be pure methane, the extra
heat of solution due to the mass transfer must be accounted for separately. The mass of
dissolved gas was calculated by knowing how much pressurant was added to the tank dur-
ing the entire pressurization expulsion process as well as the quantity of pressurant
specie in the ullage at the end of expulsion. Because of the small range of temperatures
involved, the dissolved gas was assumed to be at a single temperature of 112 K (202° R).
The energy contribution of the nitrogen pressurant was assumed equal to the specific en-
ergy of liquid nitrogen (LNZ) at the LCH 4 bulk temperature value. For lack of better in-
formation, the energy contribution of the hydrogen pressurant was taken equal to the
specific energy of hydrogen gas at the LCH4 bulk temperature,

Change in wall energy. - The change in wall energy was determined by applying the
first law of thermodynamics to an element of the wall:

U T
Wy f

dUW = AMW cy dt, c, = cV(T) (22)
U Ti

W

The total change of the wall is then

=Y Tt
AUW &~ AMW cV(T)dT (23)
MW

T

Total energy change of system. - For convenience, equation (17) is substituted into
equation (13)

/ % (UU + UL + Uw)dt = / MGhG dt - / MLhL dt + / Qadt (24)
t t t

t. . . .
1 i i i
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Rearranging terms gives

~d ~t rt t.
Lf . . 3 19 . ‘,f ‘,1.
-/t. (MGhGr + Q)dt = ~/t (MLhL dt + dUL) +»/t. dUU +-/t-. dUW (25)
(Y -~ U ~— AN SR N S
Total energy added Total change in liquid Total Total
(AUT) in tank plus liquid ex- change in change in

pelled energy (AUL) ullage en- wall en-
. ergy (AUU) ergy (AUW)

Dividing through by AUT gives

) AUy . AUU AUW

1 (26)

AU

+
T AUT AU,

T
The data presented herein are in the form of these ratios which show the relative distri-
bution of the total energy input.

RESULTS AND DISCUSSION
Static Tank Expulsions

General. - Complete tank expulsions were made using GCH,, GHe, GH,, and GN2
pressurants. The test parameters were inlet gas temperature and expulsion time, Ex-
pulsion time is the total time required to expel liquid from a 5 to a 95 percent ullage con-
dition. Therefore, each data point represents a complete expulsion.

The experimentally determined pressurant gas requirements, as well as heat trans-
fer data, were compared to analytically predicted results to determine the range of ap-
plication of the analytical program. The analysis used is detailed in appendixes A, B,
and C of each of the references 4 to 7. Two modifications were made to the contents of
these appendixes. First, the ramp analysis was not employed at all; and secondly, a
mass condensation term was added for the expulsions made using GCH 4 pressurant. The
mass condensed was assumed equal to the tank wall mass exposed during expulsion times
its integrated specific energy over the range between the bulk and saturation temperatures
divided by the latent heat of evaporation; that is
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M (27
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The analytical results are presented in figures together with the corresponding ex-
perimental results. Comparisons are generally given in terms of an average deviation
which is defined as

1 JLExperimental value) - (Analytical value)l (100) (28)
N (Experimental value)

N

where N is the number of data points in a given set of test conditions,

The results obtained using GCH 4 will be discussed first; the tests employing GHe
and GH2 will follow, and the three expulsions using GN2 will conclude discussion of static
tank expulsions. The test parameters, as well as the mass and energy balances for all
four groups of data, appear in tables I and II.

Methane pressurant. - The quantity of GCH 4 required for the expulsion period is
shown in figure 10 for two different inlet temperatures. For a given inlet gas temper-
ature, there is an increasing pressurant requirement for increasing expulsion time, The
longer the pressurant gas is exposed to cold surroundings, the greater the loss in pres-
surant energy. Also noteworthy on the figure is the amount of GCH 4 condensed. The
quantities shown are between 27,7 and 32, 6 percent of the total pressurant required for
the expulsion period. The reason for this high condensation value is due to the consider -
able difference between the bulk liquid temperature and the saturation temperature cor-
responding to the 34. 5><104 -newton -per -square -meter (50-psia) ullage pressurant gas.
As the tank wall is uncovered by the receding liquid during expulsion, it is still essen-
tially at bulk liquid temperature. Methane pressurant in the ullage can condense on this
wall until enough heat has been transferred to raise the wall temperature above the sat-
uration temperature corresponding to the ullage gas.

The analytical predictions for the pressurant required for each expulsion are shown
as solid symbols in figure 10. The best agreement between the analytical and experi-
mental mass added curves is obtained for the fastest expulsion times, As expulsion time
increases, the analysis underpredicts the amount of gas needed. The average deviation,
however, of the analytical predictions from the experimental values is only 8. 2 percent;
the maximum deviation is 12.9 percent. The prime reason for this disagreement is the
lack of a good analytical model for the mass transfer., The estimated amount (eq. (27))
of condensed pressurant was allowed to be a function of gas and wall properties only. It
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Figure 10. - Mass required during static tank expulsions using GCHy
pressurant as a function of expulsion time, Tank pressure,
34.47x10" newtons per square meter (50 psia),

did not allow for variations of expulsion time or pressurant inlet temperature. This is
an admitted deficiency, considering the experimental data in hand.

The time history of the GCH4 pressurant flow rate for a typical expulsion is shown in
figure 11, Time histories for the other expulsion runs have the same general shape.
Note that the flow rate is fairly constant with only a small rise near the middle of the run.
This rise is believed due to the greater heat lost by the pressurant gas to the thickened
girth section of the tank. In the next two sections of the RESULTS AND DISCUSSION,
GCH 4 flow rates will be shown which are in sharp contrast with figure 11.

Figure 12 shows the distribution of the total energy added to the tank via the incoming
pressurant and the environment during the expulsion period. For the 222 K (4000 R)
runs, the greatest energy sink is the ullage gas (AUU X) followed closely by the tank
wall (AU X)' For the 333 K (600° R) runs, these roles are reversed and the tank wall
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becomes the largest energy sink, For all cases, between 72 and 80 percent of the total
energy added to the tank was either absorbed by the tank wall or remained in the ullage.
The correlation between analysis and experimental data, therefore, depends largely on
the ability of the analysis to predict final wall and ullage gas temperature profiles.
These temperature profiles are, in turn, used to determine the increase in wall and
ullage energy and the final ullage mass. A comparison of the analytical and experimental
temperature profiles are shown in figures 13 and 14 for the four extremes of expulsion
time and temperature. The agreement is best for the 231-second 222 K (400° R) expul -
sion where the maximum deviation was only 7. 8K ( 15° R) for the gas temperature and
5.6 K (10° R) for the wall temperature. In the worst case, the 638-second 333 K

(600° R) expulsion, the maximum deviation of the gas temperature was 28.9 K (52° R)
and 25 K (45° R) for the wall. These differences are approximately the same as those

0— 0— < -0 — ’,——D
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(@) Run 8; expulsion time, 231 seconds. (b) Run 6; expulsion time, 633 seconds.

Figure 13, - Comparison of analytical and experimental gas and wall temperatures using GCHy pressurant, Tank pressure,
34.47x10‘1 newtons per square meter (50 psia); inlet temperature, 222 K {400° R),
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Figure 15. - Energy gained by wall during static tank expulsions
using GCHy pressurant as a function of expulsion time. Tank
pressure, 34.4‘17x10‘1 newtons per square meter (50 psia).
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Figure 16. - Energy gained by liquid during static tank expulsions
using GCH, pressurant as a function of expulsion time. Tank
pressure, 34.47x10% newtons per square meter (50 psia).
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obtained between analytical and experimental data for the work with LH2 tanks described
in references 4 to 7.

Figure 15 displays the agreement between the analytically predicted and experimen-
tally determined energy gained by the tank wall (AUW P and AUw X respectively).
The agreement is considered good for the 222 K (400d R) expulsion’s but only fair for the
333K (600° R) runs, The deviation for the higher temperature runs is attributed to the
complicating effects of the neck, flanges, and tank lid which were hard to model anal -
lytically. These portions of the tank constituted approximately 22 percent of the total
tank mass. .

The heat lost to the LCH 4 propellant is a small percentage of the total heat added to
the tank during expulsion, Further, it is relatively constant over the range of test runs
conducted. The average percentage of heat lost AUy X/AUT x ls 13.7; the range is
between 10.9 and 15. 1 percent (see fig. 12). Figure 16 displa’ys the agreement between
the approximated energy and the experimentally determined energy gained by the LCH4
propellant (AUL’ P’ AUL X). For purposes of analysis in this report, the approximate
heat lost to the liquid AIfL’ p was set equal to

P AV +% (Environmental heating) + M, (ugy ) (29)

This expression makes the approximated heat to the liquid independent of inlet gas tem-
perature. The small differences in the approximated heat values for the 222 K (400° R)
and the 333 K (600° R) runs in figure 16 are due to small differences in the tank pressure
and the amount of LCH 4 expelled during each run. The experimentally determined liquid

energy term AUL X includes the work energy of approximately 515><103 joules (488 Btu).

When this work term and the environmental heating are subtracted from the experimen-
tally determined liquid energy term AUL,X’ the remaining energy is only 24 percent of
that contributed by the amount of GCH 4 condensed during the run. This fact tends to sup-
port the contention of the analytical model that the tank wall is the primary medium for
condensation.

The liquid outflow temperature-time histories for the 333 K (600° R) runs are plotted
in figure 17. The lack of any substantial rise in temperature until the very end of expul -
sion (e.g., less than 0.28 K (0. 5° R) after completion of 92 percent of the expulsion
time), verifies that the layer of heated liquid is very thin. Later, in the second and third
sections of the RESULTS AND DISCUSSION, LCH, outflow temperatures will be shown
which are in sharp contrast with figure 17.

GHe and GH2 pressurants. - The quantities of GHe and GH2 required for the expul-
sion period are shown in figure 18 for two different inlet gas temperatures. The mass
curves for the two pressurants are almost identical in trends and differ in magnitude by
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GHe and GH, pressurant as a function of expulsion time.
Tank pressure, 34.47x10% newtons per square meter (50 psia).

a factor of two due basically to the molecular weight difference. For a given inlet gas
temperature, the expected trend of increasing pressurant requirements for increasing
expulsion times is present. The effect on gas requirements for an increase of 111 K
(200° R) is only a maximum of 5. 3 percent for GHe and 7. 7 percent for GHz. The max-
imum increase in requirements due to the parameter expulsion time is only 10.3 percent
for GHe and 13 percent for GH2. The curves for mass added are tending to level off to-
ward the 600-second expulsion time and both the 222 K (400° R) and 333 K (600° R) lines
appear asymptotic to nearly the same value. The major reason for this is the fact that,
for long expulsions, the ullage gas temperatures are in near equilibrium with the wall
temperatures for most of the volume of the tank. Gas and wall temperatures will be dis-
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cussed further later in this section.

The analytical predictions for mass added are also shown in figure 18. The agree-
ment between analysis and experiment is considered good. The average deviation for all
the GHe expulsions was 3. 6 percent; the average when considering the GH2 data was 6.3
percent., For the 222 K (4000 R) inlet temperature runs, the average deviation was 2. 8
percent for the GHe data and 5.7 percent for GH,. The maximum deviation was 3. 3 per-
cent when using GHe and 6.0 percent for GHZ' The 333 K (600o R) cases are a little
worse with the average deviation being 4.4 and 6. 8 percent for GHe and GH2 pressurants,
respectively. The maximum deviation was 5.9 percent for GHe and 8.0 percent for GH2.

As stated earlier in the report, the composition of the ullage gas was determined by
gas sample data at the end of each section of the complete pressurization cycle (i.e., at
the ends of the ramp period, the hold period, and the expulsion period). Determination
of the ullage composition at the end of the ramp and hold periods was, at best, difficult
because only the outlet of the highest gas analyzer station was uncovered. At these two
times in the pressurization cycle, the composition was determined by a three-point curve
constructed as follows: the composition was defined as 100 percent pressurant gas at the
top of the tank, equal to the analyzer reading at the level of the sampling station, and de-
fined as 38 percent GHe or 23 percent GH2 at the liquid methane interface, This last def-
inition is an engineering approximation of the vapor equilibria for GHe-LCH 4 and GH2-
LCH 4 systems. The three data points were then connected by straight lines and the
amount of mass of each component of the ullage gas was determined.

This technique was considered acceptable to furnish data for computing the energy
content of the ullage gases at the start of expulsion since a 10 percent error in this en-
ergy hardly affected the total change of the ullage energy over the expulsion period (intro-
duced less than 1 percent error). This technique was also used in the computation to de-
termine the mass of liquid methane evaporated into the ullage during the expulsion period.
However, when used to furnish data for computing the quantities of GHe and GH2 dis-
solved in the LCH 4 propellant at the end of the ramp and hold periods, this technique led,
in several of the runs, to the obviously erroneous conclusion that helium and hydrogen
were evaporated out of the assumed pure LCH 4 propellant. This conclusion forced the
calculation of dissolved GHe or GH2 to be considered over the entire pressurization cycle
(i.e., ramp time + hold time + expulsion time). As a resuit, the amount of helium or
hydrogen dissolved was computed using only the end of expulsion data and the preramp
data. The end of expulsion data was obtained using data from all the gas sampling tubes;
the preramp data used the fact that only GCH 4 existed in the ullage prior to the beginning
of the ramp period.

Figure 19 displays the ullage gas concentration curves for the 222 K (400° R) runs
obtained from the gas sampling tubes at the end of expulsion. As can be seen in the fig-
ure, only the bottom sensor read any significant concentration of methane, and it was al-
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square meter (50 psia); inlet temperature, 222 K
(400° R).

ways a small amount. Using this data, and the fact that only GCH4 existed in the ullage
prior to the beginning of the ramp, the mass of GHe and GH2 dissolved in the LCH 4 Pro-
pellant was calculated. Figure 20 displays the amounts dissolved in a percentile manner
relative to the total amount of pressurant added during the complete pressurization cycle.
The authors consider these quantities accurate only within +2 ordinate units. This figure
is presented only to show that the amounts of pressurant gases dissolved are small and
that there is a trend toward dissolving slightly more pressurant as expulsion time
increases.

Figure 21 displays the mass of methane evaporated during the GHe and GH2 pres-
surization runs. Because of the method of measurement, the authors consider these
quantities accurate only within +0. 045 kilogram (+0. 1 1b). As a result, small variations
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should not be considered significant. As expected, liquid methane was evaporated into
the ullage during all runs, but the most significant thing is that all values are small.
The maximum latent heat involved is only 14. 2x104 joules (134 Btu). This amounts to,
at the worst, 5.6 percent of the total heat added to the tank during expulsion. The aver-
aged latent heat considering all 13 runs, is only 2. 2 percent of the total heat added to the
tank during the expulsion period,

Figures 22 and 23 show the distribution of the total energy added to the tank via both
the incoming GHe or GH2 pressurant and the heat input from the environment during the
expulsion period. For the 222 K (400° R) GHe runs, the amount of heat lost to the tank
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Figure 22. - Energy distribution for expulsion period
for static tank tests using GHe pressurant as a
function of expulsion time. Tank pressure,
34,47x10" newtons per square meter (50 psia),
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wall AU X was approximately equal to the amount left in the ullage AUU x at the end
of expulsmn When 222 K (400 R) GH was used, the greatest energy sink was the ullage
gas AUU X followed fairly closely by the tank wall AU X For the 333 K (600 R)
runs, the largest energy sink for both gases is the tank wall AU X The absolute value
of the ullage energy is nearly independent of expulsion time and pressurant inlet temper -
ature. It should be noted, hywever, that the absolute value of the ullage energy is
greater for hydrogen than for helium because of the greater specific heat of hydrogen.
For all runs (GHe and GH2), between 63 and 81 percent of the total energy added to the
tank during expulsion was either absorbed by the tank wall AUW,X or remained in the
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ullage AUU,X' These results are consistent with those mentioned earlier for the gas-
eous methane runs.

Figures 24 and 25 display the agreement between analytically predicted ullage gas
and wall temperatures against those experimentally measured. The plots are for the
longest and shortest expulsions for both pressurants at 222 K (4000 R) and 333 K (6000 R)
inlet temperatures. Generally, the analytical predictions agreed fairly well with exper-
imental values for the long expulsions. As a result, fairly good agreement was obtained
between predicted and experimentally determined mass requirements for these runs.

The worst disagreement between predicted and experimental ullage gas temperatures oc-
curs for the short expulsion runs. Further, this difference is in the region of the
greatest gas mass (i.e., near the bottom of the ullage volume where the majority of the
mass of ullage gas is concentrated). As a result, use of the analytically predicted tem-
perature profile in determining the mass of ullage gas present for the short expulsions
results in a smaller quantity than obtained when the integration is performed using ex-
perimental temperature measurements. This disagreement of temperature profiles is
thought to be the major reason for underprediction of pressurant requirements for the
fast expulsion runs.

The result of the differences between predicted and experimental tank wall heat gains
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is shown in figures 26 and 27. The predicted amount of heat lost to the tank wall AUW P
is always greater than that experimentally measured AU X Further, this difference
becomes larger as expulsion time increases. These same ‘results could also be arrived
at by considering the agreement between the analytically predicted and experimentally
measured wall temperature profiles in figures 24 and 25. In all cases, the predicted
wall temperature in the more massive lid area is higher than the experimentally meas-
ured values., Further, this difference also becomes larger for the longer expulsion time
runs, The maximum deviation between predicted and experimental tank wall heat gains
for the GHe pressurant runs is 25 percent; for the GI12 runs, the value is 17 percent.
The average deviation considering all runs was 18. 3 percent.

The heat lost to the LCH 4 propellant is the smallest percentage of the total heat
added to the tank during expulsion. The experimental (AUL X) and predicted (AUL P)
values of heat transferred are plotted in figure 28 for both pressurant gases. For pur-
poses of analysis in this report, the approximate heat lost to the liquid AUL’ p Wwas set

equal to
pav+l (environmental heating) (30)
2
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Figure 27, - Energy gained by wall during static tank expulsions
using GHy pressurant as a function of expulsion time. Tank
pressure, 34,47x10” newtons per square meter (50 psia).
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The agreement between this approximation and experimental data verifies that this as-
sumption is quite acceptable.

Nitrogen pressurant. - Gaseous nitrogen was used to determine its suitability for
use in ground facilities or where the cost of helium is prohibitive, The quantity of GN
required for the expulsion period is shown in figure 29 for an inlet gas temperature of
333K (600o R). The rise in requirements as a function of expulsion time is very pro-
nounced. The most noteworthy point in the figure is the amount of GN2 which dissolves
in the LCH4 propellant, These quantities are between 61. 2 and 72. 5 percent of the pres-
surant gas added during the expulsion period. The analytical model used so far was in-

2
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adequate regarding large mass transfer processes in the system. No attempt was made
to correlate this difference between analysis and experiment,

Figure 30 displays the time histories of the GN2 flow rates during the three expul-
sions. These curves show a high peak during the first part of the expulsion process as
the GN, dissolves rapidly into the increasing liquid surface area. The flow rates then
taper off as the remaining liquid propellant warms and becomes more saturated with
nitrogen.

In the case of nitrogen-liquid methane mixtures, the density of the mixture is higher
than the density of pure liquid methane, Figure 31 shows the density of a N2-LCH4 mix-
ture as a function of temperature and nitrogen concentration. Densities were calculated
using reference 8, Further, equilibrium data for a completely mixed N2-LCH4 system
was obtained for a temperature of 116.7 K (210° R) from reference 9. Using the original
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Figure 30. - Time history of GN, pressurant flow rate during static tank
expulsions, Tank pressure, 34.47x10% newtons per square meter
(50 psia); inlet temperature, 333 K (60C° R).
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amount of LCH4 in the tank, as well as the mixture density calculation in reference 8,
the density of the mixture at the 116. 7K (2 10° R) equilibrium condition was computed.
This mixture density can be considered the probable endpoint for the density changes
going on in the LCH 4 propellant during nitrogen pressurized expulsion. Starting off with
pure LCH4, and keeping in mind the endpoint of mixing, a probable density increase path
can be added to figure 31. The resulting unstable density gradient caused by the addition
of nitrogen to the mixture makes the liquid in the tank self-mixing. The total amount
dissolved is limited by the rate of this mixing and by the fact that the equilibrium concen-
tration decreases as the mixed liquid warms, The fact that pronounced mixing is occur -
ring in the propellant is brought out in figure 32, which is a time history of the liquid
temperature at the tank outlet. As can be seen in the figure, the outlet liquid temper -
ature starts increasing immediately after the beginning of expulsion.

This self -mixing characteristic of the nitrogen-methane mixtures just about pre-
cludes use of nitrogen as a usable pressurant in liquid methane fuel systems. Because
of the mixing, pure methane cannot be expected at the entrance to a combustion device
and, further, cavitation problems could be expected in the fuel system components be-
tween the pressurized propellant tank and the combustion device.

Figure 33 displays the distribution of the total energy added to the tank via the in-
coming pressurant and the heat input from the environment during the expulsion period.
The greatest energy sink is the liquid (AU X) which absorbed, on the average, 48.0
percent of the heat added. The exper1menta.11y determined liquid energy term AUL X
includes the work energy of approximately 515><103 joules (488 Btu). This work term
and the environmental heating term, constitute only 9 to 14 percent of the liquid energy

term AUL x- The rest of the energy to the liquid is due to the dissolved nitrogen and
its heat of solution,
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Slosh Expulsions, Unbaffled Tank

General. - Complete tank expulsions were made using GCH4, GHe, and GH2 pres-
surants. The main test parameters were inlet gas temperature and expulsion time, All
expulsions in this group were made while the tank was being oscillated at an amplitude of
+2. 23 centimeters (+0. 88 in. ) and at a frequency corresponding to the natural frequency
of the liquid remaining in the tank. Starting at the beginning of expulsion, the slosh am-
plitude was increased linearly from 0. 0 to +2. 23 centimeters (0.0 to +0. 88 in. ) over ap-
proximately a 60-second time period. The purpose of the ramped amplitude was to allow
the GCH 4 over LCH 4 expulsions to be made without a fall off in tank pressure at the be-
ginning of expulsion. Excessive liquid propellant splashing resulted if the full slosh am-
plitude was imposed on the tank immediately at the start of expulsion. This splashing
resulted in excessive cooling of the ullage gas and a dropoff in the tank pressure. The
slosh amplitude of +2.23 centimeters (0. 88 in.) was chosen so that the slosh force pa-
rameter given in reference 10 (and hence slosh wave height) would be at a maximum value.

The experimentally determined pressurant gas requirements, as well as heat and
mass transfer data, for these slosh tests are compared to similar data for the static tank
tests of the first section. The major objectives are to point out marked differences be-
tween the sets of data and the reasons for the differences. No analytical predictions
were made for the slosh runs in this group.

The results obtained using GCH 4 Will be discussed first, followed by the tests em-
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ploying GHe and GH2. The main test parameters, as well as the mass and energy bal -
ances for the three major groups of data, appear in tables III and IV.

Methane pressurant. - The quantity of GCH 4 required for the expulsion period is
shown in figure 34 for the two different inlet temperatures, The requirements for static
tank expulsions are also shown as a reference. As with the static tank expulsions, both
increasing expulsion time and decreasing iulet gas temperatures cause a rise in the
amount of required pressurant. Both of these parameters had a greater effect under
slosh conditions in contrast to the small effects for the static tank cases. Compared to
the static tank runs, the pressurant requirements for these slosh expulsions were in-
creased, on the average, by a factor of 3.1 for the 222 K (400° R) inlet temperature and
a factor of 2.7 at 333 K (6000 R). Of prime interest is the quantity of condensed pres-
surant. On the average, condensation increased by a factor of 7.6 for the 222 K (400o R)
runs and by a factor of 5. 7 for the 333 K (600o R) cases over values obtained for static
tank work at comparable temperatures. These amounts of condensation are 74. 3 and
67.1 percent of the total pressurant required during expulsion for the warm and cold in-
let temperature runs, respectively. These percentages are up significantly from the 27
to 33 percent values obtained during the static tank runs. Condensed pressurant was the
main reason for the large increase in expulsion pressurant requirements. The increased
condensation is expected because the tank walls are continually being washed by the liquid
propellant, An area of tank wall would be uncovered by the slosh wave and would provide

Run Inlet temperature,
K (%R
40211916, 12 222 (400)
O 29,27,25,23 333 (600
Open symbols denote mass added during stosh
Solid symbols denote mass condensed

70— 3P during slosh
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Figure 34, - Mass required during unbaffled slosh expulsion
using GCHy pressurant as a function of expulsion time,
Tank pressure, 34, 47x10% newtons per square meter (50 psia).




a condensing surface for the GCH4 pressurant. Some of this heat transferred to the wall
is then absorbed into the liquid propellant when a slosh wave again sweeps over that area
of tank wall, Additional heat was transferred to the LCH4 because of some propellant
splashing. because of slosh wav

by tank wall curvature in the upper hemisphere of the tank. This wave curling was vis-
ually observed over short viewing periods during tank expulsion.
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This splashing occurred mainly

Figure 35 displays the
experimental gas and wall temperature proiiies for the shortest and longest expulsions at
each of the two inlet gas temperatures. When these profiles are compared to those of
figures 13 and 14, considerably less wall heating is evident. In addition, much colder
ullage temperatures are present in the lower reaches of the tank indicating more heat
loss by the pressurant than in the static tank runs.

The increase in propellant heating was the result of splashing (direct heat transfer
from the gas to the liquid droplets) as well as condensation of the methane pressurant.
There was no way in which to evaluate the magnitude of these additional heat gains, The
net result of all these heat and mass transfer processes, coupled with mixing occurring

in the liquid because of sloshing, was a significant amount of liquid heating - a fact dis-
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Figure 35. - Experimental gas and wall temperatures at end of expulsion for unbaffled stosh expulsions using GCHy pressurant. Tank pressure, 34.47x10% newtons

per square meter (50 psia).
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cussed later in this section.

The time history of the GCH4 pressurant flow rate for a 333 K (600° R) fast expul -
sion is shown in figure 36. The flow rate required for a static tank expulsion (fig. 11)
has been added for comparison purposes. Besides being considerably higher than the
flow rate for a static expulsion, the flow rate for the unbaffled slosh condition is not lin-
ear. The majority of flow is required at the beginning of expulsion and the rate drops off
as the expulsion proceeds. The initial peak would have been even higher except that the
slosh amplitude was ramped over a 60-second period after the beginning of LCH4 outflow.
This ramping allowed the expulsion to reach a steady-state condition without an uncon-
trollable pressure collapse occurring in the tank ullage. For this run, the tank pressure
dropped 24. 13x103 newtons per square meter (3.5 psi) immediately after start of expul-
sion, then as the closed loop pressurant flow system responded, the pressure rose
13. 79><103 newtons per square meter (2.0 psi) above the desired steady-state value.
After this initial 10-second cycle of variation, the tank pressure rapidly attenuated to a
cyclic variation of less than +3. 45x10° newtons per square meter (+0.5 psi). During the
last third of the expulsion, the tank pressure remained steady at 33. 4><104 newtons per
square meter (48.4 psia). This flow history points out the fact that a GCH4 pressuriza-
tion system design, when slosh conditions are expected in the tank, would have to be able
to handle significantly higher flow rates than those which would be\calculated by simply
dividing the total gas requirement by the expulsion time.

Figure 37 shows the distribution of total energy added to the tank during the expul -
sion period via both the incoming pressurant and the heat input from the environment, In
sharp contrast to the static tank runs, the majority of energy is lost to the liquid propel-
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Figure 36. - Time history of GCH, pressurant flow rate during unbaffled slosh
expulsion. Tank pressure, 34.47x10° newtons per square meter (50 psia);
inlet temperature, 333 K (600° R); run 29.
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Figure 37. - Energy distribution for GCHg pressurant
in 1,52-meter- (5-ft-} diameter tank at end of un-
baffled slosh expulsion period as a functiop of
expulsion time. Tank pressure, 34,47x10° newtons
per square meter (50 psia),
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lant AUL,X‘ Figure 38 shows the total energy added as well as the amount lost to the
LCH 4 propellant during expulsion. As can be seen, the energy absorbed by the liquid
AUL,X is not strongly dependent on pressurant temperature. This implies to the
authors that the heat absorbed by the liquid is controlled essentially by the amount of
wall washing and the amount of splashing occurring in the tank. Transferring this ab-
sorbed heat into a bulk temperature increase is dependent on the degree of mixing occur -
ring in the liquid. This mixing was considered to be the same for both the cold and hot
gas runs at a given expulsion time, Since the amount of energy lost is the same for both
temperatures, the smaller amounts of pressurant required for the 333 K (6000 R) runs
was, therefore, a direct consequence of the greater specific energy content of the gas at
that temperature.

Figure 39 is a plot of the liquid outflow temperature-time histories for both the cold
and hot inlet gas temperature runs, There is no major difference in the curves at 222 K
(400° R) inlet temperature when compared with those for 333 K (600° R). The thermal
lag in the liquid temperature rise is seen to be almost the same for all runs. The major
point to be made is how much of the liquid is heated. This state point change in the liquid
could very easily give rise to cavitation problems in a LCH4 propellant system servicing
a combustion device.

Run Inlet temperature,
K (°R)
421,19, 16,12 222 (400)
O 29,21,2523 333 (600
260xﬂ5 Open symbols denote total energy added
28— Solid symbols denote energy added to liquid
B~ gl
21— Lotal
21— 220
2 20—+
o) ~
= -
g P[EW
§ B2
z v g 1o e
> < —
S " — L
él? Absorbed
15— 60— / by liquid—
U
A
B 10— /
12 —
b1 111

100 200 300 400 500 600 700
Expulsion time, sec

Figure 38, - Comparison of total energy added and energy added to
liquid as a function of expulsion time for unbaffled slosh runs
using GCHy pressurant. Tank pressure, 34.47x10" newtons
per square meter (50 psia).
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GHe and GH2 pressurants, - The quantities of GHe and GH2 required for the unbaf-
fled slosh expulsions are shown in figure 40 for the two different inlet gas temperatures.
The requirements for static tank expulsions are also shown as a reference. The usual
trends of increasing gas requirements for increasing expulsion time and decreasing inlet
gas temperature are present. The significant point of the figure is that less pressurant
is required for expulsion under slosh conditions compared to static tank expulsions.

This is because of the evaporation of significant amounts of liquid methane propellant as
will be shown in a later figure., The average decrease in GHe pressurant requirements
for the slosh runs relative to static tank expulsions is 15. 7 percent at 222 K (4000 R) and
16. 2 percent at 333 K (600o R). The average decrease in GH2 requirements was 4.6 and
8. 3 percent at 222 and 333 K (400° and 600° R), respectively.

Figure 41 displays the experimental gas and wall temperature profiles for the short-
est and longest GHe expulsions at each of the two inlet temperatures. When these pro-
files are compared to those of figures 24(a) and (b), less wall heating is evident. In addi-
tion, slightly colder ullage temperatures are present in the lower reaches of the tank in-
dicating more ullage mixing than in the static tank runs, These results are also typical
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Figure 41, - Experimental gas and wall temperatures at end of expulsion for unbaffled slosh expulsions using GHe pressurant. Tank pressure, 34.47x10 newtons
per square meter (50 psia).
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for the GH 9 expulsions.

Figure 42 displays the ullage gas concentration curves for the 222 K (400o R) runs
obtained from the gas sampling tubes at the end of expulsion. As can be seen in the fig-
ure, significant percentages of GCH4 are present throughout the ullage volume. A study
of the figure will also reveal that the percentage of GCH 4 at a given location generally in-
creases for longer expulsion time runs. Using this data, both the mass of GCH, in the
ullage and the amounts of GHe and GH2 dissolved in the LCH4 propellant were calculated.
Figure 43 displays the mass of methane evaporated during the expulsions for both the

GHe and GH2 pressurization runs. As can be seen in the figure, no significant differ -
ences exist in the quantities evaporated for the four sets of data. As per the concentra-
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Run Intet Pressurant
temperature,
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-=-0-- 48,4746 333 (600) e
2 === B 222 (400)
48 | —D—— W B2 333 (600 GHy
o 46— 21—
- o
g 44— 2.0
s ]
,é 4.2-——% 1.9—
s 40 S L8
g 295 -
= 4=
' 1.6/—
34— |

L5
loo 200 300 400 500 600 700
Expulsion time, sec

Figure 43, - Mass of methane evaporated during unbatfled slosh
expulston using GHe and GH, pressurants as a function of
expulsion time, Tank pressure, 34.47x10* newtons per square
meter (50 psla),

tion data curves, the trend of increasing evaporation with increasing expulsion time is
present,

Because of solubility, the mass transfer is not just one way, Figure 44 displays the
amounts of GHe and GH2 dissolved in the LCH 4 propellant. The quantities are displayed
in a percentile manner relative to the total amount of pressurant added during the com-
plete pressurization cycle, Because the specification of instantaneous interface location
added another degree of uncertainty to the mass balances, the authors consider the dis-
solved gas quantities accurate only within 13 ordinate units. As a result of this uncer-
tainty, the authors did not consider any heat contribution to the liquid by the dissolved
GHe. The data for dissolved GH2, even though rough, indicates the expected trend of in-
creasing dilution for longer expulsions. Further, a comparison of figure 44 with fig-
ure 20 shows that more hydrogen was dissolved during the slosh runs than during the
static tank expulsions. The heat contribution to the liquid by this dissolved hydrogen was
considered in the energy balance for these slosh runs,

Figures 45 and 46 show the distribution of the total energy added to the tank via both
the incoming GHe or GH2 and the heat input from the environment during the expulsion
period. On a percentage basis, the ullage is the predominant heat sink for both pres-
surant gases., The results of the slosh runs show that the ullage and wall energy sinks
account for between 53.3 and 73.0 percent of the total energy added to the tank during all
runs. This is similar to the static tank case where the ullage and wall sinks were also
predominant, The percentage gained by the wall during the slosh runs is sharply reduced
when compared to static tank tests. Finally, the energy absorbed by the LCH 4 propellant
is only slightly greater for the slosh runs compared to the static tank tests.
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Figure 44, - Percent GHe or GHy, dissolved in pro-
pellant, of total pressurant added during each
complete unbaffled tank run as a functiop of ex-
pulsion time. Tank pressure, 34,47x1
newtons per square meter (50 psia).
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for unbaffled slosh tests using GHe pressurant as
a functiop of expulsion time. Tank pressure,
34.47x10° newtons per square meter (50 psia).
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Figure 47 displays nominal 400-second time histories of the LCH 4 outflow temper -
atures. One history was taken from each of the four sets of expulsion runs. For all four
curves, the increase in liquid temperature relatively early in the expulsion indicates that
mixing in the LCH 4 extends significantly down into the propellant. Heat addition to the
liquid propellant continued essentially throughout the 333 K (6000 R) expulsions. The
222 K (4000 R) runs, however, begin to show a dropoff in outflow temperature starting
about halfway through. Tank pressure variations, caused by the inherent response of the
pressurant flow control system, can only account at most for a variation of 0.03 K
(0. 06° R) and hence were ruled out as a possible cause for the variations in the liquid
outflow temperature histories. The temperature dropoffs exhibited by the 222 K (4000 R)
inlet temperature runs imply to the authors that liquid cooling, because of methane evap-
oration, is predominating at least toward the last half of the expulsion period. The work
term P AV of approximately 515><103 joules (488 Btu) and half the environmental heating
term are between 72 and 130 percent of the liquid energy term AUL X for these runs.
Hence, for the 222 K (4000 R) runs, the cooling effect on the propellz’mt of the evaporating
methane is either greater than, or nullifies a significant part of, the heat gained by the
liquid because of continued washing of the tank wall and direct heat addition from the
pressurant gas. In any event, the net change in temperature of the propellant is quite
small as was the case for the static tank expulsions,
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Figure 47. - Time history of LCHy outflow temperature during un-
baffled slosh runs using GHe and GH, pressurants. Tank pres-
sure, 34.47x10‘l newtons per square meter (50 psia).
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Slosh Expulsions, Baffled Tank

General. - Three concentric ring slosh baffles were installed in the tank to retard
liquid motion. The exact position of these baffles is shown in figure 6. Complete tank
expulsions were made using only GCH 4 and GHe pressurants., The main test parameters
were inlet gas temperature and expulsion time. All expulsions in this group were made
while the tank was being oscillated at an amplitude of +2. 23 centimeters (:0. 88 in.) and
at a frequency corresponding to the natural frequency of the liquid remaining in an un-
baffled tank (i.e., same conditions as used in the unbaffled tank). Slosh amplitude was
also linearly ramped for these runs from 0.0 to +2. 23 centimeters (0. 0 to +0. 88 in.)
over approximately a 60-second time period.

The experimentally determined pressurant gas requirements, as well as heat and
mass transfer data for these slosh tests, are compared to similar data for both the static
tank tests and the slosh tests previously mentioned. The main objectives are to point out

Run Infet temperature,
K R
D 298,299,296 222 (400)
O 324,338,323 333 (600)
Open symbols denote mass added (slosh with baffles)
Solld symbols denote mass condensed (slosh with baffles)
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= § 20— e slosh
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Figure 48. - Mass required during baffled slosh expulsipn using GCHy pressurant as a
function of expulsion time, Tank pressure, 34,4710 newtons per square meter
(50 psia).
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marked differences between the sets of data and the reasons for the differences. No ana-
lytical predictions were made for the slosh runs in this group.

The results obtained using GCH 4 will be discussed first followed by the tests em-
ploying GHe pressurant. The main test parameters, as well as the mass and energy
balances for the two major groups of data, appear in tables V and VI.

Methane pressurant. - The quantity of GCH 4 required for the expulsion period is
shown in figure 48 for the two different inlet temperatures. The requirements for both
the static tank and the unbaffled slosh expulsions are shown for reference. As with all
previous work, both increasing expulsion time and decreasing inlet gas temperatures
cause a rise in the amount of pressurant, Further, the pressurant requirements and the
mass condensed are significantly increased for baffled slosh over the unbaffled tank case.
Compared to the static tank runs, the requirements for baffled slosh were increased, on
the average, by a factor of 4. 6 for the 222 K (4000 R) inlet temperature and a factor of
3.9 at 333 K (600° R).

The quantity of condensed pressurant is again of prime importance. On the average,
condensation increased during baffled slosh by a factor of 12. 30 for the 222 K (4000 R)
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Figure 49. - Experimental gas and wall temperatures at end of baffled slosh expulsions using GCHy pressurant. Tank pressure, 34.47%10% newtons per square
meter (50 psia).
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runs and by a factor of 9. 85 for the 333 K (6000 R) cases over values obtained for static
tank work at comparable temperatures, Condensed pressurant was again the main rea-
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perature profiles in the ullage gas are generally warmer than in the unbaffled expulsions.

As in the unbaffled slosh case, washing of the tank walls was still encountered during
baffled slosh. The tank wall area washed per unit time was reduced due to the presence
of the baffles. A portion of this lost area was made up by the surface area of the baffles
which were also periodically exposed and then submerged again as the liquid propellant
was being expelled. However, the addition of the baffles resulted in more liquid splash-
ing than was encountered in the unbaffled slosh runs. The extra splashing was, of
course, visually observed over short viewing periods during tank expulsion. It is the
opinion of the authors that even though the reduced washing would dictate a reduction in
the amount of pressurant condensed on the tank wall, the extra splashing resulted in a
significant additional amount of ullage gas condensation as well as some additional pro-
pellant heat gain because of direct heat transfer from the pressurant gas. This extra
heat and mass gain by the propellant was rapidly mixed into the main bulk because of
propellant agitation due to the presence of the baffles. The momentum!energy of the
slosh wave, after the wave would strike a baffle, was considered dissipated in greater
eddy currents in the liquid propellant. Unfortunately, there was no way in which to eval-
uate the contribution of each of these extra mass and heat transfer effects. Their net re-
sult, coupled with the extra mixing occurring in the liquid propellant, was significantly
more liquid heating than encountered during unbaffled slosh.

The time history of the GCH4 pressurant flow rate for a 333 K (6000 R) fast expul -

sion is shown in figure 50. The flow rate required for a static tank expulsion (fig. 11)

20— Time position
of top baffte

£
&

w

Time position
of middle baffle

~N
Gaseous methane flow rate, kg/sec
S

Time position of
lboﬂom baffle

T

Gaseous methane flow rate, Ib/sec

Static tank run 10 (reference) N

Z—

oL 1 | | | | | | | | | | | n |

0 30 60 90 120 150 180 210 240 270 300 330 360 390 20
Time after start of exputsion, sec

Figure 50. - Time history of GCHy pressurant flow rate during baffled slosh expulsion. Tank pressure, 34, 47x10% newtons per square meter (50 psia); inlet temperature,
333 K (600° R); natural trequency slosh input; slosh amplitude, 2. 18 centimeters (0.8 in.); run 324,
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Figure 51. - Energy distribution for expulsion period
for baffled slosh tests using GCHy pressurantasa
function of expulsion time. Tank pressure,
34.47x10% newtons per square meter (50 psia).



has been added for comparison purposes. The characteristics of this baffled slosh flow
rate curve are comparable to those shown for the unbaffled tank expulsion (fig. 36). The
majority of flow is required at the beginning of expulsion and the rate also drops off as
the expulsion proceeds. The maximum flow rate is higher, however, and exists for a
much longer period of time during baffled slosh. It should be noted that this peak flow
rate would have been higher except the imposed slosh amplitude was ramped over a 60-
second period after the beginning of LCH 4 outflow. As in the case of the unbaffled slosh
runs, a vehicle pressurization system designed for use under these conditions would have
to be capable of handling a flow much greater than the rate calculated by simply dividing
the total gas requirement by the expulsion time.

Figure 51 shows the distribution of total energy added to the tank during the expul -
sion period. Only minor differences exist between these distributions and comparable
data for the unbaffled slosh tests. A slightly greater percentage of heat was lost to the
liquid propellant and a smaller percentage was left in the ullage. These results were
considered due to the extra splashing of the liquid propellant. The percentage of heat
lost to the tank wall was slightly higher than that lost during unbaffled slosh. This result
is expected because of less wall washing during the baffled expulsions.

Figure 52 is a plot of the liquid outflow temperature -time history for a baffled slosh
expulsion. Histories for an unbaffled slosh run and a static tank expulsion have been
added for comparison. The major points to be made are (1) how much of the liquid is
heated and (2) that more liquid is heated for the run made with baffles. This figure
serves to support the earlier hypothesis regarding greater liquid mixing occurring be-
cause of the presence of slosh baffles in the tank, Finally, the inference made in the
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Figure 52. - Time history of LCH, outflow temperature during baffled slosh test using GCH, pressurant.
Tank pressure, 34.47x10% newtons per square meter (50 psia); inlet temperature, 222 K (400° R).
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section Slosh Expulsions, Unbaffled Tank, with regard to possible cavitation problems in
a LCH 4 propellant system servicing a combustion device may be reiterated here.

GHe pressurant. - The quantity of GHe required for the expulsion period is shown in
figure 53 for the two different inlet temperatures. The requirements for both the static
tank and the unbaffled slosh expulsions are shown for reference. The usual trend of in-
creasing gas requirements as a function of expulsion time and inlet temperature is pres-
ent. The pressurant requirements for this set of runs are less than those required for
static expulsions but slightly greater than the unbaffled slosh requirements. This was
most probably due to the slightly greater heating of the tank walls. Gaseous methane
evaporation is again the reason for these requirements being less than needed for the
static expulsions. Slightly less evaporation was recorded for the baffled tank compared
to the bare tank under slosh conditions. The average decrease in GHe pressurant re-
quirements for these baffled slosh runs relative to the static tank expulsions is 12.9 per-
cent at 222 K (400° R) and 14. 1 percent at 333 K (600° R).

Figure 54 displays the experimental gas and wall temperature profiles for the
shortest and longest expulsions at each of the two inlet gas temperatures. When com-
pared to figure 41, it can be seen that the wall profiles are warmer indicating they ab-
sorbed more heat during the baffled runs because of the lesser amount of wall washing by
the liquid propellant. The ullage gas profiles are very similar between the baffled and
unbaffled expulsions. In fact, it is difficult to say that any significant difference exists.

Run Inlet temperature,
K (%R)
Py 265,264,263,219 222 (400)
(0] 295,281, 280 333 (600)
- — —— Static tank
— -— Unbaffied tank
Baffled slosh
Iniet temperature,
K (R)
44— 2.0 222400 . ——
£ o e oo
;‘ 42— 2 19— ,/”—L —T
- -’ [
2 a0 51— 77— MW
2 > //
g 33— 2 17— _a L
g 36— § 222 (A400) _
3, ] 1.6
s 34— ©
> s 1.5
8 3.2 4
= © -
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13 I NN N D B
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Expulsion time, sec

Figure 53. - Mass required during baffled slosh expulsion using
GHe pressurant as a function of expulsion time. Tank pres-
sure, 34.47x10" newtons per square meter (50 psia).
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Figure 55 displays the ullage gas concentration curves for both sets of GHe runs.
These data show significant percentages of GCH4 present throughout the ullage volume.
However, these concentrations are slightly less than observed for similar runs made
without baffles. Using this data, both the mass of GCH, in the ullage and the amount of
GHe dissolved in the LCH 4 propellant were calculated. Table V lists the mass of meth-
ane evaporated during these expulsions. The results show slightly less evaporation for
these baffled slosh runs compared to the bare tank slosh expulsions. The trend of in-
creasing evaporation with increasing expulsion time is present.

Figure 56 displays the amount of GHe dissolved in the LCH4 propellant. The quan-
tities are displayed in a percentile manner relative to the total amount of pressurant
added during the complete pressurization cycle. As in the case of the bare tank slosh
runs, the authors consider the data in figure 56 accurate only within +3 ordinate units.
As a result of this uncertainty, the authors did not consider any heat contribution to the
liquid by the dissolved GHe,

Figure 57 shows the distribution of the total energy added to the tank via both the in-
coming GHe and the environment. The major heat sink is the ullage gas AUU,X' The
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amount of heat left in the ullage for the baffled slosh runs was almost identical with the
data observed for the bare tank slosh runs. The reduced wall washing caused by the
presence of the baffles was considered to have resulted in more of a heat gain by the tank
wall AU X0 and a reduction of the quantity lost to the liquid propellant AUL <7 when
compared to the unbaffled slosh tests.

Figure 58 is a typ1ca1 time history of the LCH 4 outflow temperature for both a 222 K
(400° R) and a 333 K (600° R) expulsion, The same trends relative to the histories dur-
ing the unbaffled slosh runs are present. Also, as in the unbaffled slosh runs, tank
pressure fluctuations can only account at most for a variation of 0. 03 K (0. 06° R) for
these baffled slosh expulsions and hence were again ruled out as a possible cause for the
trend in the temperature histories shown here. The increase in liquid temperature rel-
atively early in the expulsion indicates that mixing in the LCH 4 extends significantly down
into the propellant. The histories begin to show a dropoff about halfway through. This
implies that liquid cooling, because of methane evaporation, is occurring. If the work
term P AV of approximately 515><103 joules (488 Btu) and half the environmental heating
term are subtracted from the liquid energy term AUL X the result is again generally
negative, This implies that the cooling effect on the propellant of the evaporating meth-
ane is generally greater than the heat gained because of wall washing and heat addition
from the pressurant gas. The net change in temperature of the propellant is small as
was the case for both the static tank and unbaffled slosh runs.

Variable Amplitude Slosh With and Without Baffles

General. - Since the effect of slosh excitation on the mass requirements for GCH 4
pressurant is so large, it was decided to determine the effects of slosh excitation at con-
ditions other than the very severe one imposed during the slosh expulsions covered in
previous sections. The main test parameters for the following runs were inlet gas tem-
perature, slosh input frequency, and slosh input amplitude. Complete tank expulsions
were made, both with and without baffles, using only GCH 4 pressurant. Expulsion time
was held to a nominal value of 389 seconds which corresponded approximately to the mid-
range point for all previous tests. The inlet gas temperatures were the nominal values
of 222 K (400° R) and 333 K (600° R). Two different slosh input frequency schedules
were employed. The first corresponded to the natural frequency of the liquid remaining
in an unbaffled tank (i.e., same conditions as used in previous sections) and the second
was a constant input frequency of 0. 716 hertz. The 0. 716-hertz value corresponds to the
natural frequency of an unbaifled tank one-half full. Slosh amplitude ranged from 0. 0 to
+2. 23 centimeters (0.0 to +0. 88 in.) for the series of runs. Once imposed, however, the
slosh amplitude was kept constant throughout a complete expulsion. Slosh amplitude was
also linearly ramped for these runs from 0.0 centimeter (0.0 in.) to the desired run
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value during approximately a 60-second time period.

The main test parameters, as well as the mass and energy balances for the three
major groups of data, appear in tables VII and VIII.

Unbaffied tank. - The quantity of C£H4 required for the expulsion period is shown in
figure 59 for the two different inlet temperatures and the two different slosh input fre-
quency profiles. It is quite evident from the curves that there is a definite inflection

point below which siosh effects on pressurant requirements are smaii and above which
they are appreciable. This inflection point is taken as +0.51 centimeter (+0. 20 in.) of
amplitude. The jump in pressurant requirements is much more sharply defined for the
natural frequency profile slosh input runs than for the 0. 716-hertz excitations. There
is a less pronounced rate of rise in the pressurant requirements for the 0. 716-hertz
expulsions. This is expected inasmuch as resonance effects occur during only part of
these runs,

In the section Slosh Expulsions, Unbaffled Tank, the authors implied that the heat
absorbed by the liquid propellant is controlled essentially by the amount of wall washing
and the amount of splashing occurring in the tank. Transferring this absorbed heat into
the bulk propellant is a function of mixing in the liquid. The curves in figure 59 show
that a combination of both amplitude and a resonant point, or near resonant point, are
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Figure 59. - Mass of GCHy pressurant required during unbaffled slosh expulsions for range of
slosh amplitudes. Tank pressure, 34.47x10% newtons per square meter (50 psia); expulsion
time, 389 seconds.

69




both needed to cause large increases in the quantities of required pressurant gas.

Figure 60 is a time history of the GCH4 pressurant flow rate for three runs in the
immediate vicinity of the inflection point for the 333 K (600° R) natural frequency profile
runs., The flow rates shown are typical in trends, but slightly lower in absolute magni-
tude, than runs made at 222 K (400° R) inlet temperature. Each curve reaches its max-
imum very shortly after the steady-state slosh amplitude is reached (60 sec after the
start of expulsion). It should also be noted that, as slosh amplitude increases, the pres-
surant flow rate required after the initial peak also increases and exists for a longer
period of time, Based on this comparison, the authors postulate that the small slosh
amplitude of +0, 51 centimeter (+0. 20 in.) is evidently sufficient to break the stratifica-
tion force in the liquid propellant and cause pronounced mixing to occur. This postula-
tion is substantiated by figure 61 which displays the time histories of the liquid methane
at the tank outlet for both the 222 K (400° R) and the 333 K (600° R) natural frequency ex-
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Figure 60. - Time histories of GCHg pressurant flow rates during unbaffled slosh expul-
sions, Tank pressure, 34.47x10% newtons per square meter (50 psia); inlet tempera-
ture, 333 K (600° R); natural slosh frequency input; runs 90, 89, and 91.
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pulsions. Both sets of data show pronounced liquid heating occurring for runs having a
slosh amplitude greater than +0.51 centimeter (+0. 20 in.).

Figure 62 displays the pressurant mass flow rates for three of the slosh runs made
using a 0.716-hertz input. Run 88 (amplitude of +0.51 cm or +0.20 in.) and 87 (ampli-
tude of +0.83 cm or @0.33 in.) are shown for a 222 K (4000 R) inlet temperature, The
main difference in the profiles of this type of run, relative to the natural frequency pro-
file expulsion, is the pronounced flow increase when the liquid surface nears the center
of the tank where the constant imposed frequency matches the natural frequency of the
liquid remaining in the unbaffled tank. The gas flow peaks occur near the center of the
tank over the expulsion time range. Comparison of runs 88 and 87 shows that, as the
slosh amplitude increases, the pressurant flow rate starts rising earlier and stays up
longer.

Also plotted in figure 62 is the flow rate for a 333 K (600° R) expulsion made at the
same amplitude as the 222 K (4000 R) temperature run 87. The flow characteristics for
the 333 K (600o R) runs are identical in form with those made at the lower temperature.
They differ only in that the absolute magnitude is lower.

Figure 63 displays the time histories of the liquid methane at the tank outlet for both
the 222 K (4000 R) and the 333 K (60()0 R) 0.716-hertz expulsions. As in the case of the
natural frequency expulsions, these runs also show pronounced liquid heating at slosh
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Figure 63. - Temperature of {iquid methane at tank outlet as a function
of normalized time during expulsion for unbaffled slosh expulsions
over range of slosh amplitudes. Tank pressure, 34.47xloz newtons
per square meter (50 psia); 0.716-hertz slosh frequency inputs,
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amplitudes greater than +0.51 centimeter (+0. 20 in.).
Baffled tank. - This group was run using only 222 K (400o R) GCH 4 pressurant. The
three concentric ring baffles are the same units used in the section Slosh Expulsions,

mamean fea £2

Baified Tank testing and shown in figure 6. Mass requirements are shown in figure 64 as
a function of excitation amplitude for both the natural frequency and 0. 716-hertz excita-
tion. The mass requirement for the 222 K (4000 R) unbaffled tank runs have only been
added for reference.

The effect of the baffles was to linearize the pressurant gas requirements over the
range of test amplitudes. Relative to the unbaffled tank requirements, the difference
shown by the baffled runs is due to the baffles damping resonance effects in the liquid.
This fact is also applicable to explaining the relatively small difference observed between
the two sets of baffled tank data. As noted in figure 64, considerable spray was visually
observed to be occurring when the liquid hit the underside of the baffles at test amplitudes
greater than approximately +1. 02 centimeters (0.4 in.). Evidently, this spray served
to cool the ullage gas and thereby increase the amount of condensation at the higher slosh
amplitudes. This action resulted in the pressurant gas increase over the unbaffled tank
runs for the higher slosh amplitudes. Similarly, the '"lack' of splashing at test ampli-
tudes =1.02 centimeters (0.4 in. ) was probably the most significant reason for the
smaller pressurant gas requirements in this range.

Figure 65 is a time history of the pressurant gas flow rates for three of the 333 K
(6000 R) natural frequency profile slosh runs. The direct effect of the baffles on pres-
surant gas requirements can be seen quite clearly, more so as test amplitude increases.

Considering any one of the histories, the drop in the maximum flow from peak to peak is
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—4—— 313,319,315,314,316,317,298
——A—— 322,321,320

Open symbol denotes natural frequency input —
Solid symbol denotes 0.716-Hz input
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Figure 64. - Mass of GCH, pressurant required during baffied slosh expulsions for range of
slosh amplitudes. Tank pressure, 34.47x10° newtons per square meter (50 psia); inlet temp-
erature, 222 K (400° R); expulsion time, 389 seconds average.
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to be expected since the liquid propellant is continuously warming. Near the end of ex-
pulsion, the liquid propellant is highly heated and, therefore, ullage gas condensation due
to sprayed propellant is negligible.

Figure 66 displays the time histories of the liquid methane at the tank outlet for the
222K (400o R) natural frequency expulsions. Comparison of these profiles with those in
figure 61 reveals considerably more liquid heating for the baffled runs (compared to the
unbaffled cases) for slosh amplitudes greater than +1.052 centimeters (+0.42 in.). This
relation has the same trend as that shown in figure 64 for the pressurant gas
requirements.

Figure 67 is a time history of pressurant flow rates for two of the 0. 716-hertz slosh

Run Slosh amplitude,
o Bo— O I3 cm (in.)
* pgl— O 309 2 210 (£ 870
& BO— g 28— 5 3¢ £ 39 (0 5%)
@ 2 L~ ] 052 (+Q. 413)
g E el 34 0,813 (+Q 2
E ool & 0 36 0,625 (0,2
2 5 22— o 7 £0, 483 (20, 190)
5 g 20— O %8
¥ & 18—
% 20— 3 16—
> et
£ | 8 I Wl o040.0 (20.0)
S 200 0 ) 4 .6 8 1.0

Normalized time during expulsion

Figure 66. - Temperature of liquid methane at tank outlet as a function
of normalized time during expulsion for baffied slosh expulsions over
range of slosh amplitudes. Tank pressure, 34.47x10% newtons per
square meter (50 psia); inlet temperature, 222 K (400° R); natural
slosh frequency input.

30—
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{b) Run 322; slosh amplitude, +0.84 centimeter (£0.33 in.).

Figure 67. - Time histories of GCHy flow rates during baffled slosh expulsions. Tank pressure, 34.47x10? newtons per square meter (50 psia); inlet temperature,
333 K (600° R); 0.716-hertz stosh input frequency; runs 321 and 322,
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runs. After the initial increase, flow requirements for these runs remains relatively
constant for a longer period of time than those for the natural frequency runs. The net
effect of this action, averaged out over the entire expulsion, is to reduce the total pres-
surant requirements only slightly,

Figure 68 is a summary figure for all the expulsions made in the section Variable
Amplitude Slosh, With and Without Baffles. The main point to be made by this figure is
the amount of propellant heating experienced for the range of slosh runs (both natural
frequency profile and 0.716 Hz). In all cases, the presence of almost any liquid sloshing
gives rise to at least some liquid heating so that the propellant, when delivered into an
engine flow system, could obviate good system performance because of cavitation. It is
very interesting to note that this statement can be made even when the tank has been baf-
fled to reduce liquid motion.

Partial Tank Expulsions

General. - Twelve partial tank expulsions were made during which only half the liq-
uid propellant in the tank was expelled. The first six of these runs dealt with expulsion
of only the upper half of the tank contents. For the remaining six runs the expulsion was
started at the 50 percent ullage level and continued until only 5 percent of the methane
propellant remained (i.e., 95 percent ullage).

These partial expulsions were made using GCH4, GHe, and GH2 pressurants. The
test parameter was inlet gas temperature. Each half-tank expulsion was made over a
nominal time period of 200 seconds.

The experimentally determined pressurant gas requirements were compared to ana-
lytically predicted values. The exact test conditions, as well as the mass and energy
balances for all six groups of data, appear in tables IX and X. The mass requirements
data are plotted in figure 69.

5 to 50 percent ullage expulsions. - The pressurant required for these runs was
slightly less than half the amount needed for comparable full tank expulsions discussed in
the section Static Tank Expulsions. As was the case for the complete tank expulsions,
agreement between experimental and predicted gas requirements is good. All detailed
run characteristics such as pressurant flow rate, liquid outflow temperature, ullage gas
and tank wall temperatures, amount of mass transfer, and so forth, will not be discussed
since these expulsions are identical to the first half of complete tank runs.

The results of the experimentally determined energy balances are shown in table X.
For all three pressurants the heat added via both the incoming gas and the environment is
slightly less than half of the same category for complete expulsions. The heat left in the
ullage after these partial expulsions, compared to the complete tank runs, was slightly
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Types of expulsion
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Open symbols denote experimental data
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Figure 69. - Mass requlired for partial static tank expulsions using GCHy, GHe, and GHp pressurants,

less than half for the condensible pressurant and slightly more than half for the noncon-
densibles. As a general rule, the heat absorbed by the tank wall, and the heat trans-
ferred to the liquid propellant, were also slightly less than half of the full expulsion
values. The energy gained by the liquid is not highly accurate, however, due to the large
surface area of stratified liquid existing at the end of a partial expulsion. The large area
makes the calculated energy content very sensitive to temperature immediately below the
liquid interface,

50 to 95 percent ullage expulsions. - The pressurant required for these runs was
slightly greater than half the amount required for comparable full tank expulsions. The
analytically predicted results are also low. The several factors which made it more dif-
ficult for the analysis were higher initial ullage energies, a higher ratio of total to added
mass, and the condensation which was present in all of these runs. In the cases where
GHe and GH2 were the pressurants, over half of the original methane in the ullage at the
beginning of expulsion ended up being condensed. The marked difference in molecular
weights between GHe or GH2 and GCH 4 contributed to the normal stratification at the be-
ginning of expulsion. At the end of the ramp pressurization the partial pressure of meth-
ane vapor, because of the higher concentration of GCH4 near the interface, is greater
than the vapor pressure of the interface and hence some of the GCH 4 condenses, This
effect is also present during complete expulsions, however, the amount of GCH 4 inasb
percent ullage is only one tenth of that present in these expulsions.

The results of the experimental energy balance are shown in table X. For all three
pressurants the heat added via both the incoming gas and the environment is greater than
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half of the same values corresponding to a complete tank expulsion. The energy left in
the ullage was slightly greater using GCH 4 and slightly less when using GHe and GH2,
than half of the same values corresponding to a complete tank expulsion, As a general

rule the heat absorbed by the tank wall, and that transferred to the liquid, were slightly
greater than that required during half of the full expulsion values.

SUMMARY OF RESULTS

Pressurized expulsion tests were conducted to determine the effect of various phys-
ical parameters on the pressurant gas requirements during the expulsion of liquid meth-
ane (LCHy) from a 1.52-meter - (5-ft-) diameter spherical tank, Methane, helium, hy-
drogen, and nitrogen were used as pressurant gases. The necessary quantities of these
gases to expel 90 percent of the LCH, propellant (an average of 651 kg or 1435 Ib) were
studied as a function of expulsion time at a nominal operating pressure of 34. 4'7><104
newtons per square meter (50 psia) using nominal inlet gas temperatures of 222 and 333 K
(400° and 600° R). Also studied were the effects on methane, helium, and hydrogen
pressurant requirements of various slosh excitation frequencies, and amplitudes, both
with and without slosh suppressing baffles in the tank.

Several partial tank expulsion runs were also made. The first six of these runs
dealt with expulsion of only the upper half of the tank contents. For the remaining six
runs, the expulsion was started at the 50 percent ullage level and continued until only
5 percent of the methane propellant remained.

The experimental results for the static tank tests (i.e., nonslosh) were compared
with predicted results obtained from an analytical program previously developed at Lewis
Research Center. The following general results were found,

Static Tank Expulsions

1. wWith GCH 4 pressurant, a significant amount of condensation takes place. The
quantities of GCH4 required to expel the LCH4 propellant were between 7.0 and 10. 1
kilograms (15.5 and 22. 2 1b) for an expulsion time range of 231 to 638 seconds. The
amounts of pressurant condensed were between 1.9 and 3. 2 kilograms (4.3 and 7.0 1b);
these quantities represent between 28 and 33 percent of the pressurant added during
expulsion.

2. Gaseous nitrogen is unacceptable as a pressurant because of its high solubility in
liquid methane, The quantities of GN2 required to expel the LCH4 propellant were be-
tween 20.7 and 32.9 kilograms (45.7 and 72.5 1b) for an expulsion time range of 232 to
568 seconds. The amounts of pressurant dissolved were between 12,7 and 23. 8 kil -
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ograms (28 to 52. 5 1b); these quantities represent between 61 and 73 percent of the pres-
surant added during expulsion,

3. With the noncondensable pressurants, GHe and GH2, neither inlet gas temperature
nor expulsion time had a large effect on gas requirements. The quantities of GHe re-
quired during expulsion were between 1. 76 and 1. 98 kilograms (3. 88 and 4. 36 1b) for an
expulsion time range of 223 to 622 seconds. The GH2 requirememts were between 0. 85
and 1. 00 kilograms (1. 88 and 2. 20 1b) for a time range of 219 to 567 seconds. The max-
imum change in pressurant gas requirements due to both inlet gas temperature and ex-
pulsion time was only 17. 7 percent and occurred with hydrogen. The amounts of noncon-
densable pressurant dissolved in the LCH 4 propellant were small, being a maximum of
0. 10 kilogram (0. 21 Ib) of GHe and 0. 05 kilogram (0. 101 1b) of GH2.

4, The comparison between the analytical predictions and the experimental results
for helium, hydrogen, and methane pressurants were good. The predictions for nitrogen
pressurant were meaningless because of its large solubility.

Slosh Expulsions at Natural Frequency and 2. 23-Centimeters (+0. 88-in.)

Amplitude With and Without Baffles

1. Using GCH 4> pressurant mass requirements for unbaffled slosh expulsions are
greatly increased over those required for a static tank. The increase was a factor of
between 2.7 and 3. 1.

2. Using GCH 4> the requirements for baffled slosh expulsions were increased by a
factor of between 3.9 to 4. 6 over those required for a static tank. (N.B. The addition
of baffles increased gas requirements for this condensable pressurant. )

3. Using GCH4, significantly larger amounts of condensation were observed. The
increase was a factor of 5.7 to 7. € in the case without baffles and 9.9 to 12. 3 for the case
with baffles,

4. Both with and without baffles, using GCH 4 pressurant, severe liquid heating was
observed. The greatest effect was observed for the tank with baffles. At least 50 per-
cent of the liquid showed some heating for the unbaffled tank (37 percent or more was
within 5.5 K (100 R) of being saturated). At least 70 percent of the liquid showed heating
for the baffled configuration (59 percent or more was within 5.5 K (10° R) of being
saturated).

5. The GCH 4 flow rate is not constant throughout a given expulsion as it was for the
static tank cases. A large peak was required at the beginning of each slosh expulsion
with a succeeding dropoff in pressurant flow requirements as the expulsion continued.

6. The difference in GCH, requirements for the 222 and 333 K (400° and 600° R) in-
let temperatures can be directly correlated with inlet temperature,
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7. Using the noncondensable pressurants, GHe and GH,,, the pressurant require-
ments were reduced by a factor of 0.05 to 0.16 (5to 16 percent) in the case without baffles.

8. Using the noncondensable pressurant GHe, the pressurant requirements were re-
duced by a factor of 0.13 to 0.14 (13 to 14 percent) in the case with baffles. (Note that the
requirements for the baffled tank expulsions were between the requirements for the static
tank and those for the unbaffled tank.)

9. Using the noncondensable pressurants, GHe and GHZ’ considerable evaporation of
LCH 4 propellant took place during the expulsion period. This evaporation reduces the
noncondensable pressurant requirement.

10. For the noncondensable pressurant, GH2, solution into the LCH 4 propellant
caused some propellant heating.

Slosh Expulsions With Variable Amplitude and Frequency Excitation

With and Without Baffles

In this section, fn denotes a slosh frequency input profile which corresponds, at all
times, with the natural frequency of the liquid remaining in an unbaffled tank and f o de-
notes a constant slosh frequency input equal to the natural frequency of the tank when half
full of propellant.

1. For the unbaffled case, there is a definite excitation amplitude below which slosh
effects are small and above which they are large. This amplitude was essentially the
same for both fn and fo frequency profiles and was approximately +0.5 centimeter
(0.2 in.).

2. The addition of antislosh baffles generally increased GCH 4 pressurant require-
ments over the range of test amplitudes. The addition of antislosh baffles resulted in
greater GCH 4 pressurant requirements than for the unbaffled tanks at slosh amplitudes
greater than 1. 13 centimeters (0.5 in.).

3. The addition of antislosh baffles resulted in a linear relation between GCH4 pres-
surant requirements for complete expulsions and slosh amplitude.

4. The GCH 4 flow rate was not constant through any of the expulsions over the range
of test amplitudes. A large peak was required at the beginning of each fn slosh expul -
sion; a large peak was encountered approximately halfway through each of the f ° slosh
expulsions.

5. Because of compensating heat transfer mechanisms, the total GCH, pressurant
requirement is only slightly less for the f o slosh expulsions compared to the fn runs.
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Partial Expulsions, Static Tank

1. Gaseous methane, helium, and hydrogen requirements for the 5 to 50 percent
ullage expulsions were slightly less than half of the requirements necessary for com-
plete tank expulsions,

2. The comparison between analytical predictions and the experimental results for
the 5 to 50 percent ullage expulsions was good.

3. Gaseous methane, helium, and hydrogen requirements for the 50 to 95 percent
ullage expulsions were slightly greater than half of the requirements necessary for a
complete tank expulsion.

4. Gaseous methane condensation was observed in all 50 to 95 percent ullage
expulsions.

5. Analytical predictions for the 50 to 95 percent ullage expulsions were less than
the experimental requirements for all three pressurants. Methane condensation from
the ullage was the reason,

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, November 27, 1973,
502-24.
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